An important aspect of goal-directed action selection is differentiating between actions that are more or less likely to be reinforced. With repeated performance or psychostimulant exposure, however, actions can assume stimulus-elicited-or "habitual"-qualities that are resistant to change. We show that selective knockdown of prelimbic prefrontal cortical Brain-derived neurotrophic factor (Bdnf) increases sensitivity to response -outcome associations, blocking habit-like behavioral inflexibility. A history of adolescent cocaine exposure, however, occludes the "beneficial" effects of Bdnf knockdown. This finding highlights a challenge in treating addiction-that drugs of abuse may bias decision-making toward habit systems even in individuals with putative neurobiological resiliencies.
Both humans and rodents can learn to associate specific actions with their outcomes. Such actions are considered "goal-directed," meaning their performance is sensitive to changes in the predictive relationship between the behavior and its outcome. Extended training, certain reinforcement schedules, and drugs of abuse can induce a shift from goal-directed to automated, or "habitual," response strategies that are defined by insensitivity to changes in the contingency between the behavior and the outcome (Yin et al. 2008; Balleine and O'Doherty 2010) . Within the prefrontal cortex, the prelimbic subregion is intimately linked with goal-directed decision-making. For example, rodents with prelimbic-selective lesions are insensitive to changes in outcome value or modifications in response-outcome associative contingencies (Balleine and Dickinson 1998; Corbit and Balleine 2003; Killcross and Coutureau 2003) .
Under some conditions, overexpression of the neurotrophin BDNF within the prelimbic cortex also confers habit-like behavioral inflexibility (Graybeal et al. 2011; Gourley et al. 2012) . These findings predict that site-selective Brain-derived neurotrophic factor (Bdnf) knockdown might, conversely, augment goal-directed decision-making. Moreover, site-selective knockdown may protect against habits that result from pathological stimuli such as cocaine. This is critical because stimulus-response habits are considered etiological factors in addiction (Jentsch and Taylor 1999; Everitt and Robbins 2005) .
An important aspect of goal-directed decision-making is differentiating between actions that are more or less likely to be reinforced. Here we trained BALB/c mice to respond for food pellets on two distinct nose poke apertures using a continuous reinforcement schedule. We then modified the schedule such that 50% of the responses on one aperture were reinforced 1 sec after the response. Responding on the other aperture had no consequences; instead, food pellets were delivered noncontingently, "for free," at a rate matched to that of the prior session (Gourley et al. 2013a,b) . In this case, only 2.2% of pellets were delivered within 1 sec after a response (Fig. 1) . We used these testing parameters (further elaborated below) to ascertain whether targeted Bdnf knockdown would enhance outcome-based decision-making in both drug-naïve and cocaine-exposed mice.
Our experiments used Emory University IACUC-approved procedures and male mice homozygous for a floxed allele (exon 5) encoding the Bdnf gene (Jackson Labs) (Rios et al. 2001 ). Mice were bred on a mixed BALB/c background, maintained on a 12-h light cycle (07.00 on), and provided food and water ad libitum unless otherwise noted.
As adults aged ≥8 wk, mice were anesthetized with ketamine/xylazine, and stereotaxic coordinates corresponding to the prelimbic prefrontal cortex were located on the leveled skull. A single burr hole was drilled, and lentiviral vectors expressing either Cre Recombinase or GFP were infused (0.5 mL) at +2.0 AP, 22.8 DV, + 0.1 ML (Gourley et al. 2009 ) over 5 min with needles left in place for five additional minutes. Mice were sutured and provided a recovery period of ≥3 wk, allowing for Bdnf knockdown. This protocol is expected to reduce BDNF protein at the infusion site by 48% (Gourley et al. 2009 ). Infusion sites were verified by immunostaining for Cre (DePoy et al. 2013) or by imaging GFP. Mice lacking prelimbic cortex infection (n ¼ 10) were excluded. Otherwise, viral vector infection was largely restricted to the prelimbic cortex with some spread into the medial orbitofrontal cortex in the rostral-most sections ( Fig. 2A ).
Mice were food-restricted and trained to nose poke for food reinforcement (20-mg grain-based pellets; Bioserv) using Med-Associates conditioning chambers with three nose poke recesses and a food magazine located on the opposite wall of the chamber. Training was initiated with a continuous reinforcement schedule; 30 pellets were available for responding on the two outermost recesses, resulting in 60 pellets/session. Sessions ended when all 60 pellets were delivered, or at 70 min. Seven daily sessions were conducted, during which mice acquired the responses. Response rates did not differ between groups (P . 0.2) (Fig. 2B) .
The response-outcome contingencies were next modified during two 25-min test sessions. In one session, one aperture was occluded, and responding on the other aperture was reinforced using a modified variable ratio 2 schedule of reinforcement with the added requirement that mice retrieve each pellet (Baldwin et al. 2002) . In this case, 48% ( + 3%) of responses in the control mice and 47% ( + 2%) of responses in Bdnf knockdown mice were reinforced (P . 0.1) (not shown). In the other session, the opposite aperture was occluded, and pellets were delivered at a constant rate such that the same number of pellets acquired (per minute) during the prior session were delivered noncontingently.
Noncontingent pellet delivery sessions were counterbalanced, meaning half were coupled to the final day of training and half to the contingent pellet delivery session. Pellet delivery rates did not differ between groups (control ¼ 1/min, knockdown ¼ 0.97/min, P . 0.1) (not shown). Nonetheless, when response rates were compared between the two reinforcement conditions, knockdown mice showed precocious sensitivity to degradation of the instrumental contingency, i.e., higher response rates when responding were more likely to be reinforced. Meanwhile, control BALB/c mice did not acutely differentiate between actions that were more vs. less predictive of reinforcement (interaction F (1,12) ¼ 6.9, P ¼ 0.02) (Fig. 2C ). When response rates were expressed as ratios, control mice had a ratio of 1-equivalent responding between conditions. By contrast, knockdown mice generated 1.7-fold more responses when responding was reinforced vs. nonreinforced (t (12) ¼ 23, P ¼ 0.01) (Fig. 2D) . Additionally, the latencies between responses and noncontingent pellet deliveries were shorter in knockdown mice (KolmogorovSmirnov P , 0.001), suggestive of heightened sensitivity to the constant rate of pellet delivery (Fig. 2E) .
As a different measure of sensitivity to modifications in response-outcome associative contingencies, we stopped reinforcing responding on the outermost nose poke apertures and reinforced responding on the center, previously inactive, aperture for four 25-min sessions. Here, there were no differences between groups (F's , 1) (Fig. 2F ). We also devalued the outcome by placing mice in a clean cage with freely available pellets for 30 min prior to test. Relative to a control test session in which the cage contained no food, both groups decreased response rates, demonstrating sensitivity to the decreased value of the outcome (Fig. 2F ). We again detected no differences between groups (F's , 1).
Interactions between Bdnf knockdown and cocaine exposure Figure 2 indicates that prelimbic-targeted Bdnf knockdown enhances animals' ability to differentiate between actions that are more, or less, predictive of reinforcement. By contrast, prolonged cocaine exposure results in decision-making strategies biased toward stimulus-elicited habits (Schoenbaum and Setlow 2005; Zapata et al. 2010) . Both chronic cocaine exposure in adulthood and a history of early-life exposure increase BDNF and Bdnf expression in the mature medial prefrontal cortex (Lu et al. 2010; McGinty et al. 2010; Sadri-Vakili et al. 2010) ; if this incubation confers vulnerability to cocaine-induced habits, targeted knockdown might rescue this deficiency.
We next replicated our experiment, except here mice were exposed to either cocaine (10 mg/kg, i.p.; Sigma) or PBS from postnatal day (P) 31 -35, corresponding to early adolescence in mice (Spear 2000) . At P56, mice were infused with viral vectors, resulting in a 2 × 2 experimental design. Mice were trained to nose poke for food reinforcers, and then response-outcome contingencies were modified as described. Next, we further trained these mice using random interval (RI) schedules of reinforcement as indicated (Fig. 3A) . This allowed us to ascertain whether mice with selective Bdnf knockdown could, with extended training, ultimately develop insensitivity to modifications in outcome-predictive contingencies (i.e., habit-like inflexibility) as expected (Dickinson et al. 1983) .
Instrumental response training is shown; here, a trend for an effect of cocaine was detected (P ¼ 0.07) (Fig. 3A) , and a history of adolescent cocaine exposure had several significant consequences as well: It nonspecifically increased response rates at test (F (1,26) ¼ 4.2, P ≤ 0.05) (Fig. 3B) , and it also blocked the attenuating effect of Bdnf knockdown on the latencies between responding and noncontingent pellet delivery (Kolmogorov-Smirnov P , 0.001) (Fig. 3C) .
When we generated response ratios as above and compared response patterns with test session, cocaine history, and Bdnf status as factors, cocaine history and Bdnf status interacted (F (1,26) ¼ 5.3, P , 0.05) (Fig. 3D) . Bdnf knockdown in drug-naïve mice increased sensitivity to response-outcome contingencies, as in Figure 2C , D, but a history of cocaine exposure entirely occluded the "beneficial" effects of Bdnf silencing-instead, cocaineexposed Bdnf-deficient mice were insensitive to modifications in the response-outcome associative contingencies, indicated by a response ratio of 1 even during the initial test (Fig. 3D) . Notably, because the contingent and the noncontingent test sessions were counter-balanced, half of the noncontingent pellet delivery rates were matched to the final day of continuous reinforcement training, and half to the contingent test session. Our findings are thus unlikely to be biased by differences in noncontingent food delivery rates, since counter-balancing eliminated differences in noncontingent pellet delivery rates across groups (F's , 1) (Fig. 3C, inset) .
With extended training, all mice ultimately developed habitlike response strategies, indicated by response ratios of 1 during a "late test" (Fig. 3D ). This pattern indicates that, although Bdnf knockdown increases sensitivity to response-outcome contingencies, Bdnf knockdown mice are nonetheless capable of developing habitual response strategies with extensive training. Cocaine blocks BDNF-mediated behavioral plasticity www.learnmem.org
Coordination of action selection by medial prefrontal cortical BDNF Our findings show that Bdnf knockdown within the prelimbic prefrontal cortex enhances sensitivity to modifications in the predictive relationship between an action and an outcome. Infection sites here were generally more restricted to the prelimbic compartment of the medial prefrontal cortex than in our previous reports regarding the effects of prelimbic cortical Bdnf knockdown on stimulus-outcome and response-outcome conditioning (Gourley et al. 2009 Choi et al. 2012) . These reports together suggest that BDNF expression within the prelimbic cortex, selectively, plays a critical role in appetitive decisionmaking. And notably, while Bdnf knockdown inhibited nonreinforced responses here, the nonreinforced responses that were nonetheless generated were temporally closely aligned with noncontingent pellet delivery. This observation suggests that Bdnf knockdown increased sensitivity to the regular intervals of noncontingent pellet delivery.
The rodent medial prefrontal cortex contains cytoarchitectonically distinct subregions that can be differentiated based on efferent and afferent projection patterns, with dorsal regionsincluding the prelimbic cortex-sharing similar functions that differ from those of the ventromedial prefrontal cortex, which includes, for example, the infralimbic cortex. Behaviorally, dorsal/ ventral medial prefrontal cortical networks have been termed "go" and "stop" systems, respectively, that coincidentally guide behavior (Heidbreder and Groenewegen 2003) . For example, the prelimbic cortex is essential for maintaining instrumental responding for food when reinforcement availability is uncertain (Corbit and Balleine 2003; Gourley et al. 2010) , and for outcomebased decision-making, as discussed at the beginning of this report. By contrast, recent models argue that the adjacent infralimbic cortex promotes stimulus-response habits by mitigating the influence of contextual cues that are incongruent with the habit, promoting, for example, the performance of a familiar stimulus-elicited behavior even in an unfamiliar environment (Haddon and Killcross 2011) .
Unlike the infralimbic cortex, the prelimbic cortex sends substantial projections to the dorsomedial striatum (Heidbreder and Groenewegen 2003) , a structure essential for outcome-based decision-making (Yin et al. 2005) . Through these interactions, the prelimbic cortex is thought to organize goal-directed decisionmaking in both rodents and humans (Balleine and O'Doherty 2010) . Nonetheless, prelimbic-selective Bdnf knockdown facilitated goal-directed decision-making by increasing sensitivity to modifications in the predictive relationship between a response and an outcome. These findings extend our prior work indicating that mixed C57BL/6 mice with Bdnf knockdown have intact consolidation of response-outcome conditioning ; because of strain differences, the use of BALB/c mice here allowed us the resolution to detect evidence that the acquisition of novel response-outcome contingencies is enhanced.
Our findings are also in line with evidence that in healthy mice, BDNF overexpression blocks sensitivity to changes in response-outcome associations . Why might supraphysiological BDNF occlude outcome-based decision-making? Supraphysiological levels of BDNF induce structural destabilization and neuronal remodeling (Horch et al. 1999; Horch and Katz 2002) , as well as activation of cortical interneurons (Rutherford et al. 1998) , potentially negating the native function of excitatory prelimbic cortical neurons. According to this model, physiological BDNF levels would support goal-directed decisionmaking more effectively than supraphysiological levels.
Why might Bdnf knockdown enhance sensitivity to response-outcome contingencies? Gourley et al. (2009) previously Figure 2 . Prelimbic cortex-targeted Bdnf knockdown increases sensitivity to the relationship between a response and its outcome. (A) Viral vector infection sites were transposed onto images from the Mouse Brain Atlas (Rosen et al. 2000) . GFP or Cre were detected either slightly offset from the midline (represented in the left hemisphere) or directly adjacent to the midline (represented in the right hemisphere). Black represents the largest and white the smallest infusion sites. (B) Instrumental response acquisition was unaffected by Bdnf knockdown in BALB/c mice. (C) A comparison of response rates during test sessions when pellets were delivered contingently vs. noncontingently indicated that control mice were acutely insensitive to modifications in the predictive relationship between a response and an outcome. By contrast, Bdnf knockdown mice showed precocious sensitivity, generating higher response rates when responding was more likely to be reinforced. (D) Response rates were also converted to ratios: Here, knockdown mice generated 1.7-fold more responses during the test session when responding was more likely to be reinforced. (E) Additionally, when pellets were delivered noncontingently at a fixed rate, responses generated by knockdown mice were more closely aligned in time with pellet delivery. (Inset) The average latencies between responses and noncontingent pellet deliveries at the 50th percentile are indicated for each group. (F ) When a previously inactive aperture became active, mice acquired the new response and inhibited the previously reinforced response, but here no differences were detected between groups. Moreover, response rates dropped in both groups after prefeeding devaluation of the food outcome. Bars and symbols ¼ means + SEMs, ( * ) P ≤ 0.05, ( * * ) P ≤ 0.001.
Cocaine blocks BDNF-mediated behavioral plasticity www.learnmem.org reported that prelimbic cortical Bdnf knockdown facilitates appetitive extinction conditioning. We argued then that prelimbic Bdnf knockdown allows for the dominance of competing infralimbic cortex-based behavioral response strategies since the infralimbic cortex is strongly associated with response extinction. However, the infralimbic cortex is also associated with stimulusresponse habits Haddon and Killcross 2007) , and mice here appeared resilient to developing habits. How might we reconcile these findings? It may be that the unique infralimbic cortex contributions to extinction learning or sensitivity to reinforcer delivery (see Burgos-Robles et al. 2013 ) supersede its role in promoting stimulus-response habits, particularly when animals have not been so extensively trained as to develop habits. This interpretation is consistent with our findings here, potentially including heightened sensitivity to the timing of noncontingent pellet delivery in Bdnf knockdown mice. Also, prelimbic cortical Bdnf-deficient mice generate lower break points in a progressive ratio task , which by nature results in diminishing reinforcer availability.
One caveat is the failure of Bdnf knockdown to impact response extinction in an instrumental redirection-or "reversal"-task. Here and previously (Gourley et al. 2009 ), both response acquisition and extinction were unaffected. Both cortical and hippocampal regions coordinate response selection in this task (Gourley et al. 2010) , so it is possible that recruitment of the hippocampus ensures optimal response flexibility.
Conclusions: medial prefrontal cortical BDNF-a marker of resilience or vulnerability?
As in prior studies focused on cocaineinduced incubation of medial prefrontal cortical BDNF (Lu et al. 2010) , we exposed mice to cocaine early in life, roughly corresponding to early adolescence in humans (Spear 2000) , then tested them in adulthood. Although it is difficult to directly compare our findings with experiments reported by other groups, previous work anticipates that medial prefrontal cortical BDNF expression may be up to 140% of control levels in our cocaine-exposed mice at the time of knockdown in adulthood (Lu et al. 2010) . We hypothesized that mitigating this incubation response via targeted Bdnf knockdown in adulthood would protect cocaine-exposed mice against developing habits. However, this was not the case: We report instead that a history of cocaine exposure occluded the behavioral benefits of Bdnf knockdown. Thus, cocaine may increase vulnerability to habit formation via BDNF incubation in even small populations of neurons, in this case, prelimbic neurons that were spared viral vector infection. Alternatively, BDNF incubation may irreversibly remodel adolescent cortical development (Vigers et al. 2012) . Additionally, our findings do not eliminate the possibility that drug-induced incubation of prefrontal cortical BDNF has both adverse and neuroprotective consequences (Corominas et al. 2007) . Consistent with the possibility that incubation of medial prefrontal cortical BDNF has certain protective effects, prelimbic cortical Bdnf knockdown increases progressive ratio responding for cocaine in cocaine-experienced rats (Sadri-Vakili et al. 2010 ; see also Gourley et al. 2012) . Further, BDNF overexpression in the dorsomedial prefrontal cortex (enhancing BDNF incubation) suppresses the reinstatement of cocaine seeking (Berglind et al. 2007; McGinty et al. 2010 ). These and the present findings highlight a major challenge in treating addiction-that a clearer delineation of cocaine-induced neuromodulations associated with vulnerability vs. resilience is needed, and that these dissociations may result in improved treatment strategies. Figure 3 . Adolescent cocaine exposure occludes Bdnf-mediated behavioral plasticity. (A) BALB/c mice were exposed to cocaine or saline prior to Bdnf knockdown. Mice were later trained to respond for food reinforcers, then the response-outcome contingencies were modified as above. After an initial test, mice were shifted from a continuous reinforcement schedule to random interval (RI) schedules of reinforcement as indicated. A second test is annotated as "test 2." (B) Response rates during different pellet delivery conditions during the initial test are shown: A history of cocaine exposure nonspecifically increased response rates, regardless of whether pellet delivery was contingent or noncontingent upon responding. (C) When pellets were delivered noncontingently at a fixed rate, responses generated by knockdown mice were temporally more closely aligned with pellet delivery (as in Fig. 2E ). Prior cocaine exposure blocked this effect. This was despite pellet delivery rates that did not differ between groups (inset). (D) Response ratios indicated that drug-naïve Bdnf knockdown mice were highly sensitive to responseoutcome contingencies (black bars, as in Fig. 2D) ; however, a history of cocaine exposure entirely occluded the effect of targeted Bdnf knockdown, resulting in insensitivity to degradation of the instrumental contingency. With extended training, all mice ultimately developed habitual response strategies, as annotated by white bars and the gray line at 1. Thus, Bdnf knockdown in drug-naïve mice delays, but does not fully block, habit formation. Bars and symbols ¼ means + SEMs, ( * ) P ≤ 0.05, ( * * ) P ≤ 0.001 vs. all other groups. (k/d) Knockdown, (RI30) random interval 30 sec, (RI60) random interval 60 sec.
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